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1 Introduction
Typical rubber formulations for commer-
cial products such as natural rubber-based 
conveyor belt covers consist of up to eleven 
different chemical additives including cure 
system and reinforcing fi ller. The cure system 
is made of sulfur, three accelerators (primary 
and secondary), and primary and secondary 
activators (zinc oxide and stearic acid, re-
spectively), adding up to 9.7 parts per hun-
dred rubber (phr) by weight [1]. The reinforc-
ing fi ller is carbon black (CB) [1]. In any rub-
ber formulation, chemical curatives and solid 
fi llers are indispensable. The former provides 
shape stability and the latter, reinforcement 
of the dynamic and mechanical properties of 
the cured rubber, which is essential for the 
performance, durability and life of the fi nal 
product in service [2, 3].
Excessive use of the chemical curatives 
is harmful to health, safety, and the envi-
ronment. According to the European Direc-
tive 67/548/EEC, zinc oxide is very toxic to 
aquatic organisms and may cause long-term 
adverse effects in the aquatic environment. 
Although the toxicological properties of 
stearic acid have not been fully investigat-
ed, there is enough evidence to suggest that 
this substance has major potential health 
hazards. For example, eye irritation, which 
causes chemical conjunctivitis, and skin ir-
ritation that can be harmful if absorbed 
through the skin. If the latter occurs, it can 
cause gastrointestinal irritation with nausea 
and vomiting. Also, inhalation of this sub-
stance into the lungs may cause chemical 
pneumonitis, which may be fatal [4]. Stear-
ic acid is classifi ed as highly fl ammable [4]. 
Both of these chemicals are used extensive-
ly as activator in sulfur vulcanisation [1, 5]. 
Besides, CBs could be highly toxic and pose 
a considerable health risk associated with 
their use in rubber compounds [6]. There is 
a need to replace CB with other less harm-
ful solid fi llers.
Kaolin (China clay) is a mineral fi ller with 
promising potential for use in rubber re-
inforcement. It has a plate-like structure 
(fi g. 1) whereas CB is spherical. The Kao-
lin surface possesses OH groups (from the 
Al2Si2O5(OH)4), which makes it polar and 
moisture adsorbing. To improve dispersion 
of the kaolin particles in rubber, the fi ller 
surface is often treated with silane [7]. Pre-
vious studies where kaolin was used in NR 
showed promising results. For example, in a 
study a small amount of kaolin, i.e. 10 phr, 
was modifi ed with the sodium salt of rub-
ber seed oil (SRSO) and mixed with NR [8]. 
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A large amount of kaolin (China clay) was used to reinforce the hardness, tensile 
strength, elongation at break, stored energy density at break, tear resistance, and 
Young’s modulus of some sulfur-cured NR, BR and EPDM. The kaolin surface had been 
pre-treated with 3-mercaptopropyltrimethoxysilane (MPTS) to reduce its polarity and 
prevent it from adsorbing moisture which could have been detrimental to the cure 
of the rubbers. For NR, the hardness and Young’s modulus improved, tensile strength 
and tear resistance were unchanged and the remaining properties deteriorated when 
kaolin was added. The viscosity increased and the scorch and optimum cure times de-
creased with kaolin. The highest cure rate ever reported for a sulfur-cured NR-based 
compound was achieved when kaolin was mixed with the rubber. For BR and EPDM, 
most of the properties including the viscosity gained significantly from the presence 
of kaolin in the rubbers. It was concluded that kaolin was an extending or non-rein-
forcing filler for NR, and highly reinforcing for BR and EPDM. Notably, the scorch and 
optimum cure times and cure rate of BR benefited so much, whereas with the excep-
tion of the scorch time, the optimum cure time and cure rate of EPDM were adversely 
affected by kaolin. The addition of kaolin increased the crosslink density of NR but 
had a detrimental effect on the crosslink density of BR and EPDM. The early indica-
tions are that kaolin is a viable alternative to carbon black and silica/silane systems 
in rubber reinforcement.
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Fig. 1: 
Transmission electron 
micrograph showing 
kaolin particles
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The rubber fi lled with SRSO-modifi ed kao-
lin cured faster than that of a similar mix 
containing unmodifi ed kaolin. In addition, 
the NR vulcanisates containing SRSO-mod-
ifi ed kaolin showed considerable increases 
in tensile modulus, tensile strength, and 
elongation at break. This indicated kao-
lin potential as an organo-modifi ed nano-
fi ller. NR nanocomposites reinforced with 
20 – 50 phr of saline-modified kaolin 
showed very impressive mechanical prop-
erties and higher thermal stability com-
pared with the pure NR. The hardness and 
tensile properties improved when the fi ller 
loading was raised and an optimum tensile 
strength was achieved at the highest load-
ing of the modifi ed kaolin [9]. In a recent 
study, the author and co-worker [10], us-
ing kaolin pre-treated with 3-mercapto-
propyltrimethoxysilane (MPTS), developed 
a new method that optimised the reaction 
between the sulfur in MPTS on the kaolin 
surface and NR, and the rubber was then 
cured with additional sulfur and its me-
chanical properties measured. The hardness 
and Young’s modulus improved noticeably 
and the tensile strength rose marginally. 
Other properties such as the scorch and 
optimum cure times and rate of cure also 
benefi ted from the addition of kaolin to 
the rubber. All the indications were that 
kaolin had promising capability for rein-
forcing rubber properties with major ben-
efi ts for cure too.
The aim of this preliminary study was to 
use a high loading of kaolin pre-treated with 
MPTS to improve the hardness and mechani-
cal properties of some commercially impor-
tant rubbers. The effect of kaolin on viscosity 
and cure properties of the rubbers was also 
investigated. The study used a new meth-
od for measuring the exact amount of the 
chemical curatives required in the sulfur vul-
canisation of the rubbers. 
2 Experimental
2.1 Materials
The raw rubbers used were standard Ma-
laysian natural rubber (NR) grade L (98 wt% 
1,4-cis content, SMRL) , high cis polybutadi-
ene rubber (96 wt% 1,4-cis content, Buna 
CB24, Bayer, Newbury, UK, not oil extended), 
ethylene-propylene-diene rubber (EPDM, 
48 wt% ethylene content, 9 wt% ethyl-
idene norbornene content, and 13 wt% oil 
content, Keltan 6251A, Lanxess, The Nether-
lands). The reinforcing fi ller was Mercap 100 
(Imerys Ceramics, USA). Mercap 100 is kao-
lin (China clay, Al2Si2O5 (OH)4), the surface 
of which had been pre-treated with 3-mer-
captopropyl-trimethoxysilane (MPTS) to im-
prove dispersion of the fi ller particles in rub-
ber. MPTS contains less than 2 wt% of sul-
fur. Mercap 100 has a very fi ne particle size 
of about 0.3 µm and 25 m2/g surface area 
measured by nitrogen adsorption (Imerys 
Ceramics, USA). It contains approximately 
90 parts per million (ppm) of sulfur, which 
primarily comes from trace secondary miner-
als, mainly pyrite (FeS2) with a melting point 
of 1,100 °C.
In addition to the raw rubbers and ka-
olin, the other ingredients were elemen-
tal sulfur (curing agent, Solvay, Hanover, 
Germany), Santocure TBBS (N-tert-butyl-
2-benzothiazole sulphenamide, a fast-
curing delayed-action accelerator with a 
melting point of 105 °C, Sovereign Chem-
icals, USA), zinc oxide (ZnO, an activator, 
Harcros Durham Chemicals, Durham, UK), 
stearic acid (an activator, Anchor Chemi-
cals Ltd, UK), and Santofl ex 13 (6PPD, N-
(1,3-dimethylbutyl)-N’-phenyl-p-phenylen-
ediamine, an antidegradant with a melting 
point of 45 – 51 °C, Taminco BVBA (Eastman 
Chemical), Gent, Belgium).
2.2 Mixing
The raw rubbers were mixed with the 
chemical ingredients in a Haake Rheo-
cord 90 (Berlin, Germany), a small labora-
tory mixer with counter-rotating rotors, to 
produce compounds. The Banbury rotors 
and the mixing chamber were initially set 
at ambient temperature (23 °C) and the ro-
tor speed was set at 45 rpm. The volume 
of the mixing chamber was 78 cm3 and 
it was 60 % full during mixing. Polylab 
monitor 4.17 software was used for con-
trolling the mixing condition and storing 
data. To prepare the unfi lled NR, BR and 
EPDM compounds, the raw rubber was in-
troduced fi rst into the mixer and mixed for 
1 min and then sulfur, TBBS, ZnO, stearic 
acid, and antidegradant were added and 
mixed for another 12 min. A similar proce-
dure was used for making the kaolin-fi lled 
compounds where kaolin was added 3 min 
after mixing started. A total mixing time of 
13 min was suffi cient to disperse the kaolin 
particles fully in the rubber matrix (fi g. 2). 
The temperature of the compounds during 
mixing was 58 – 62 °C.
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Fig 3: 
Typical torque (vertical 
axis) versus time cure 
trace at 160 °C – data 
for the NR compound 
with 4 phr sulfur, 3.5 phr 
TBBS, 0.2 phr ZnO, and 
140 phr kaolin
Fig. 2: Scanning electron micrograph showing the 
good dispersion of kaolin particles in the 
rubber matrix – data for the NR compound 
with 60 phr kaolin after 13 min mixing.
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2.3 Determination of the optimum 
amount of chemical curatives
Sulfur is used extensively in the vulcanisa-
tion of a wide range of industrial rubber ar-
ticles. For example, the cure system in a NR-
based tyre belt skim compound has 5 phr [11], 
in a SBR/BR-based compound for footwear 
2 phr [12], and in a EPDM-based general gas-
kets 1 phr of sulfur [13]. In this preliminary 
study, the NR had 1 phr and 4 phr, BR 0.5 phr 
and 1 phr, and EPDM 1 phr of sulfur. To react 
the sulfur with the rubber to form crosslinks, 
TBBS was added. The loading of TBBS was 
raised from 0.25 phr to 4.5 phr and 47 com-
pounds were made. Zinc oxide was used as 
primary activator to improve the effective-
ness of TBBS during curing. The loading of 
ZnO in the rubbers with sulfur and TBBS was 
increased from 0 to 0.5 phr and 44 compounds 
were mixed. To evaluate the effect of stearic 
acid (used as secondary activator with ZnO) on 
the cure properties of the rubbers with sulfur, 
TBBS and ZnO, 22 compounds were prepared. 
The loading of stearic acid was raised from 0 
to 2.5 phr to measure the amount needed to 
improve effi ciency of the cure systems.
2.4 Determination of viscosity, 
cure properties, hardness and 
mechanical properties
The viscosity, cure properties, hardness and 
mechanical properties of the rubbers were 
measured according to the procedures de-
scribed in the British Standards:
• Viscosity: British Standard 1673: Part 3 
(1969), using a Mooney viscometer (Wal-
lace Instruments, Surrey, UK) and the results 
were expressed as Mooney Units (MU).
• Cure properties: British Standard 1673: 
Part 10 (1977), using an oscillating disc 
rheometer curemeter (ODR, Monsanto, 
Swindon, UK) at 160 ± 2 °C. From the 
cure traces, scorch time, ts2, which is the 
time for the onset of cure, and the opti-
mum cure time, t95, which is the time for 
the completion of cure were determined. 
Torque, which is the difference between 
the maximum and minimum torque values 
on the cure trace of a compound (fi g. 3) 
and is an indication of crosslink density 
changes in the rubber was also measured. 
Torque was afterwards plotted against 
the loading of TBBS, ZnO, and stearic acid.
• Cure rate index (CRI): British Stand-
ard 903: Part A60: Section 60.1. (1996). 
CRI is an indication of the rate of cure in 
the rubber.
• Hardness: British Standard 903: Part A26 
(1995), using cylindrical samples 6 mm 
thick and 15 mm in diameter, in a Shore 
A Durometer hardness tester (The Shore 
Instrument & MFG, Co., New York, USA). 
The test temperature was 23.5 °C.
• Tensile stress-strain properties (tensile 
strength, elongation at break, stored 
energy at break, and Young’s modulus): 
British Standard 903: Part A2 (1995), 
in a LR50K plus materials testing ma-
chine ( Lloyd Instruments, UK), using 
standard dumbbell test pieces. Lloyd 
Nexygen 4.5.1 was used to process and 
store the data. The test temperature was 
22 °C and the crosshead speed was set at 
100 mm/min.
• Tear energy: British Standard 903: Part A3 
(1995), in a LR50K plus materials testing 
machine (Lloyd Instruments, UK), using 
trouser test pieces. The test temperature 
was at ambient (23 °C), tear angle 180o, 
and crosshead speed was set at 50 mm/min.
3 Results and discussion
3.1 Optimum sulfur cure systems for 
NR, BR and EPDM
Figure 4 shows torque as a function of 
TBBS loading for the NR rubbers with 1 phr 
and  4 phr sulfur. For the rubber with 1 phr 
sulfur, torque increased from 5 dNm to 
23 dNm as the loading of TBBS was raised 
to 1.5 phr, and it continued rising at a much 
slower rate to about 32 dNm when the load-
ing of TBBS reached 3.5 phr. The addition 
of 1.5 phr TBBS was suffi cient to react the 
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Torque versus TBBS 
loading for NR com-
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Fig. 6: Torque versus stearic acid loading for rubber compounds with different 
sulfur and TBBS loadings in the presence of ZnO
Fig. 5: Torque versus ZnO loading for NR compounds with different sulfur and 
TBBS loadings
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sulfur with the rubber to form crosslinks. 
For the rubber with 4 phr sulfur, torque 
increased from 24 dNm to 41 dNm as the 
loading of TBBS was increased from 0.5 phr 
to 3.5 phr. Subsequently, torque rose to 
43 dNm when an additional 1 phr TBBS was 
incorporated in the rubber. Clearly, 3.5 phr 
TBBS was suffi cient to react the sulfur with 
the rubber.
To enhance the effi ciency of cure in the 
NR with sulfur and TBBS, ZnO was added 
(fi g. 5). The addition of 0.2 phr ZnO to 
the rubber with 1 phr sulfur and 1.5 phr 
TBBS was enough to improve the effi cien-
cy of TBBS as indicated by an increase in 
torque from 21 dNm to 26 dNm. How-
ever, when the loading of ZnO was raised 
to 0.5 phr, torque rose at a much slower 
rate to about 33 dNm. Similarly, torque 
for the rubber with 4 phr sulfur and 3.5 phr 
TBBS reached optimum value at 0.2 phr ZnO 
and there after the rise was marginal. Note 
that a small amount of ZnO, i.e. as low as 
0.2 phr, when added as primary activator, 
improved the performance of TBBS to such 
a degree during curing as shown by increase 
in torque (fi g. 5).
Stearic acid is a fatty acid that is added 
as co-activator with ZnO in sulfur vulcani-
sation. It also acts as plasticiser and internal 
lubricant between polymer chains, and aids 
dispersion of solid ingredients in the rub-
ber. Zinc stearate is formed when stearic acid 
reacts with ZnO and is an essential cure ac-
tivator [14]. The loading of stearic acid in 
the NR with 1 phr sulfur, 1.5 phr TBBS and 
0.2 phr ZnO was raised from 0 to 2.5 phr to 
increase the dispersion and solubility of ZnO 
and enhance effi ciency of the curing reac-
tion in the rubber. Figure 6 shows torque 
versus stearic acid loading. The inclusion of 
stearic acid in the cure system had no ben-
efi t for torque at all, which stayed con-
stant at about 27 dNm. It is abundantly clear 
that ZnO is a very effective primary activa-
tor in improving the performance of TBBS 
in the absence of secondary activators such 
as stearic acid.
Figure 7 shows torque as a function of 
TBBS loading for the BR rubbers with 0.5 phr 
and 1 phr sulfur. For the rubber with 0.5 phr 
sulfur, torque increased from 25 dNm to 
45 dNm as the loading of TBBS was raised 
to 1.75 phr, and then it stopped rising once 
the loading of TBBS reached 3 phr. The addi-
tion of 1.75 phr TBBS was suffi cient to react 
the sulfur with the rubber to form crosslinks. 
For the rubber with 1 phr sulfur, torque in-
creased from 39 dNm to 61 dNm as the load-
ing of TBBS was raised from 0.5 phr to 3 phr. 
Subsequently, torque remained essentially 
unchanged when an additional 0.8 phr TBBS 
was incorporated in the rubber. Clearly, 3 phr 
TBBS was suffi cient to react the sulfur with 
the rubber.
Zinc oxide was then added to enhance the 
effi ciency of cure in the BR with sulfur and 
TBBS. For the rubber with 0.5 phr sulfur and 
1.75 phr TBBS, the addition of 0.2 phr ZnO 
was enough to make TBBS more effective 
as indicated by an increase in torque from 
62 dNm to 71 dNm. But when the loading of 
ZnO was raised to 0.35 phr, torque showed 
no increase and remained at about 72 dNm 
(fi g. 8). Torque for the rubber with 1 phr 
sulfur and 3 phr TBBS reached optimum value, 
i.e. 92 dNm, at 0.2 phr ZnO, and afterwards 
it rose marginally to about 94 dNm when an 
extra 0.25 phr ZnO was added. Notably, when 
0.5 phr stearic acid was added to the BR with 
0.5 phr sulfur, 1.75 phr TBBS and 0.2 phr ZnO, 
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torque fi rst decreased sharply from 71 dNm 
to 50 dNm and then remained almost steady 
until the loading of stearic acid reached 
2.5 phr. Evidently, small amounts of stearic 
acid, i.e. up to 0.5 phr, were detrimental to the 
crosslink density of the rubber as indicated by 
a drop in torque (fi g. 6).
Figure 9 demonstrates torque versus 
TBBS loading for the EPDM with 1 phr sulfur. 
Torque increased steeply from 26 dNm to 
42 dNm as the loading of TBBS was boosted 
from 0.25 phr to 1 phr. Subsequently, there 
was no improvement in torque once the 
amount of TBBS reached 3.8 phr. Apparently, 
1 phr TBBS was enough to react the sulfur 
with the rubber. Zinc oxide was later added 
to improve the effi ciency of TBBS. torque 
rose noticeably from 41 dNm at 0 phr ZnO to 
56 dNm at 0.075 phr ZnO and the rate of in-
crease slowed down signifi cantly there after. 
Torque then reached to about 67 dNm 
when the loading of ZnO was raised by an 
additional 0.325 phr (fi g. 10). It is remark-
able that a small amount of ZnO, i.e. as low 
as 0.075 phr, had such a major infl uence on 
the performance of TBBS in the cure system 
as indicated by a signifi cant rise in torque. 
When 0.5 phr stearic acid was mixed with 
the EPDM with 1 phr sulfur, 1 phr TBBS 
and 0.075 phr ZnO, torque decreased from 
56 dNm to 47 dNm and subsequently con-
tinued decreasing slowly to about 42 dNm 
when the amount of stearic acid was raised 
to 2.5 phr (fi g. 6). The crosslink density as 
shown by torque did not benefi t from the 
addition of stearic acid to the rubber.
After these measurements were complet-
ed, three cure systems were selected for fur-
ther work:
• for NR – 4 phr sulfur, 3.5 phr TBBS, and 
0.2 phr ZnO
• for BR – 0.5 phr sulfur, 1.75 phr TBBS, and 
0.2 phr ZnO
• for EPDM – 1 phr sulfur, 1 phr TBBS, and 
0.075 phr ZnO.
To protect the rubbers against environ-
mental ageing, 1 phr antidegradant (6PPD) 
was also added. Note that there were only 
three chemicals in the cure systems, i.e. 
sulfur, TBBS and ZnO, which added up to 
7.7 phr in the NR compounds, 2.45 phr in 
the BR compounds and 2.075 phr in the 
EPDM compound. This is a signifi cant re-
duction both in the number and amount of 
the chemicals in the cure system. In addi-
tion to the chemical curatives, the NR com-
pounds had 60 phr and 140 phr kaolin and 
the BR and EPDM compounds 60 phr kaolin 
(tab. 1, compounds 1 – 7). These compounds 
were mixed as described above and their vis-
cosity and cure properties measured. They 
were then cured at 160 °C and their hard-
ness, tensile properties and tear resistance 
determined.
3.2 Effect of kaolin on the viscosity 
and cure properties of NR, BR and 
EPDM
The inclusion of kaolin did not affect the 
viscosity and cure properties of the rub-
bers in the same way. The viscosity of NR 
Formulation in phr
Compound number
1 2 3 4 5 6 7
NR* 100 100 100 – – – –
BR* – – – 100 100 – –
EPDM* – – – – – 100 100
Sulfur 4 4 4 0.5 0.5 1 1
TBBS 3.5 3.5 3.5 1.75 1.75 1 1
ZnO 0.2 0.2 0.2 0.2 0.2 0.075 0.075
Santofl ex 13 1 1 1 1 1 1 1
Kaolin 0 60 140 0 60 0 60
Mooney viscosity
ML(1+4'), 100 °C in MU 44 52 85 42 66 70 89
Curemeter data at 160 °C
ML in dNm 12 15 20 15 19 16 19.5
MH in dNm 55 79 89 87 75 71 64
M in dNm 43 64 69 72 56 55 44.5
ts2 in min 4.7 3.2 2.1 11.3 3.5 6.2 2.6
t95 in min 8.3 4.8 3.1 47.5 12.5 21.5 40
CRI in min-1 27.8 62.5 100 2.8 11.1 6.5 2.7
*The viscosity of the raw NR, BR and EPDM rubbers were 89, 46, and 88 MU, respectively.
Tab. 1: Formulations, Mooney viscosity and cure properties of the rubber compounds
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increased from 44 MU to 85 MU when 
140 phr kaolin was added (fi g. 11). A sim-
ilar trend was also observed for BR and 
EPDM where the viscosity rose from 42 MU 
to 66 MU and from 70 MU to 89 MU, re-
spectively after 60 phr kaolin was mixed 
with the rubbers (tab. 1). This was expect-
ed, since the inclusion of solid particles 
in raw rubber raises the rubber viscosity 
[15].
The ts2 and t95 of NR shor tened from 
4.7 min to 2.1 min and 8.3 min to 3.1 min, 
respectively with 140 phr kaolin (fi g. 12). 
The rate of cure as indicated by CRI benefi t-
ed greatly from kaolin and increased from 
27.8 min-1 at 0 phr kaolin to 100 min-1 at 
140 phr kaolin loading (fi g. 13). This was 
the highest cure rate ever reported for a sul-
fur-cured NR-based compound (fi g. 3). As 
mentioned above, torque is an indication 
of crosslink density changes in the rubber. 
torque for NR increased from 43 dNm to 
69 dNm as the loading of kaolin was raised 
from 0 phr to 140 phr, which indicated a 
large rise in the crosslink density of the rub-
ber (fi g. 14).
For BR, the addition of kaolin shortened 
the ts2 and t95 from 11.3 min to 3.5 min and 
47.5 min to 12.5 min, respectively. The rate 
of cure also improved from 2.8 min-1 to 
11.1 min-1. Though, kaolin had a detrimental 
effect on the crosslink density of the rubber 
because torque decreased from 72 dNm to 
56 dNm (tab. 1).
For EPDM, the ts2 decreased from 6.2 min 
to 2.6 min but surprisingly, the t95 in-
creased from 21.5 min to 40 min when 
60 phr kaolin was added. The rate of cure 
declined as shown by a large fall in CRI 
from 6.5 min-1 to 2.7 min-1. The rubber 
lost some crosslinks as demonstrated by 
a reduction in torque from 55 dNm to 
44.5 dNm (tab. 1). This revealed the dam-
aging effect of kaolin on the crosslink den-
sity of both BR and EPDM.
3.3 Effect of kaolin on the hardness 
and mechanical properties of the 
NR, BR and EPDM vulcanisates
Table 2 summarises the hardness and me-
chanical properties of the rubber vulcanisates. 
These properties benefi ted to a great extent 
from the addition and progressive increases in 
the loading of kaolin. For NR, the hardness in-
creased by 64 % when 60 phr kaolin was add-
ed and the trend continued rising by anoth-
er 28 % when the loading of kaolin reached 
140 phr. Similarly, the Young’s modulus rose 
by 170 % with 60 phr kaolin and then by an 
extra 148 % when the full amount of kaolin, 
i.e. 140 phr, was reached. This was expected, 
since when soft rubber is replaced with sol-
id fi ller, the rubber becomes harder, causing 
the Young’s modulus to increase. The tensile 
strength and tear resistance were unchanged 
and the elongation at break and stored en-
ergy density at break deteriorated by a total 
of 65 % and 34 %, respectively when 140 phr 
kaolin was mixed with the rubber.
Kaolin was very benefi cial to the proper-
ties of BR and EPDM. For BR, the hardness 
increased by 23 % and for EPDM, by 34 %, re-
spectively when 60 phr kaolin was incorporat-
ed in the rubbers. For BR, the tensile strength, 
elongation at break and Young’s modulus rose 
by 759 %, 256 % and 114 %, respectively. The 
effect of kaolin on the properties of EPDM 
was even more impressive. For this rubber, 
the tensile strength, elongation at break and 
Young’s modulus improved by 964 %, 332 % 
and 71 %, respectively. The properties relat-
ed to fracture were also enhanced very sub-
stantially. For BR, the stored energy density 
at break and tear resistance were increased 
by 2,442 % and 536 %, respectively and for 
EPDM, by 3,133 % and 1,479 %, respectively. 
Properties
Compound number
1 2 3 4 5 6 7
Hardness in Shore A 33 54 69 44 54 41 55
Range of values in Shore A 32 – 35 51 – 55 68 – 70 43 – 44 54 – 56 41 – 42 55 – 56
Tensile strength in MPa 22 22 20 1.7 14.6 1.4 14.9
Range of values in MPa 21 – 22 21 – 22 18 – 21 1.5 – 1.8 14.5 – 15.5 1.3 – 1.7 14.7 – 17.5
Elongation at break in % 1,667 997 587 250 889 350 1,512
Range of values in % 1,645 – 1,669 994 – 999 577 – 628 239 – 283 878 – 950 333 – 370 1,492 – 1,651
Young’s modulus in MPa 1.0 2.7 6.7 1.4 3.0 1.4 2.4
Range of values in MPa 1.0 – 1.1 2.3 – 3.2 5.8 – 11.6 1.4 – 1.7 2.8 – 3.0 1.3 – 1.4 1.8 – 2.7
Stored energy density at 
break in mJ/m3
90 90 59 2.4 61 3.0 97
Range of values in mJ/m3 90 – 91 86 – 91 54 – 65 2.4 – 3.0 60 – 70 2.9 – 3.7 96 – 121
Tear resistance in kJ/m2 13 13 14 1.1 7 1.9 30
Range of values in kJ/m2 11 – 15 11 – 20 11 – 20 0.76 – 1.7 4.6 – 11.5 1.3 – 2.0 26 – 32
Tab. 2: Hardness and mechanical properties of the rubber vulcanisates
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Fig. 13: Cure rate index versus kaolin loading for NR compounds 1 – 3 (tab. 1) Fig. 14: torque versus kaolin loading for NR compounds 1 – 3 (tab. 1)
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Reinforcement with kaolin
Evidently, kaolin is an extending or non-
reinforcing fi ller for the strain-induced crys-
tallising NR, and highly reinforcing for the 
non-crystallising BR and EPDM. Since kaolin 
has a platelet structure (fi g. 1), it may be as-
sumed that the mechanism by which rubber is 
reinforced may be different to that by spheri-
cal particles such as CB and silica. The results 
suggest that strain-induced crystallising rub-
bers such as NR may benefi t less from kaolin 
than the non-crystallising ones, e.g., BR and 
EPDM. The exact mechanism of reinforcement 
by kaolin in rubber is under investigation.
4 Conclusions
From this study, the following main con-
clusions can be drawn:
• A new method measured the exact op-
timum amount of TBBS accelerator and 
ZnO activator at a given loading of sulfur 
in the vulcanisation of NR, BR and EPDM 
and eliminated stearic acid from the cure 
system entirely. The requirement for ZnO 
was 0.075 – 0.2 phr.
• Kaolin was an extending or non-reinforc-
ing fi ller for the strain-induced crystal-
lising NR and highly reinforcing for the 
non-crystallising BR and EPDM.
It is anticipated that a reduction in the use 
of these chemicals will improve health and 
safety at the work-place, reduce cost, and 
minimise damage to the environment. The 
use of MPTS pre-tread kaolin in conjunc-
tion with the new method for measuring the 
exact amount of the curatives in sulfur vul-
canisation provides an effective means for 
designing green compounds for industrial 
applications. The indications are that kaolin 
is an ideal replacement for carbon black and 
silica/silane systems in rubber reinforcement, 
at least for non-crystallising rubbers.
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